T he average internal diameter of an adult trachea is 2.5 cm, and the subglottic space that is defined as the area 5 mm below the vocal cords to the under surface of the cricoid cartilage has an average internal diameter of 1.7 cm. Tracheal stenosis following tracheostomy can occur at microscopic and macroscopic levels. Microscopic stenosis occurs in almost all cases. However, clinically significant macroscopic stenosis occurs when the diameter of the trachea is reduced by Ͼ 50% of its original diameter. 1, 2 Clinical tracheal stenosis, as the most serious long-term complication following tracheostomy, 3 can be life threatening. The most effective treatment is tracheal resection and primary end-to-end reconstruction. However, stenosis in the subglottic area usually makes resection much more difficult and requires high surgical skills. Otherwise, the patient may require intermittent dilatation for life or a permanent tracheostomy. It is therefore essential to use a most reliable method to diagnosis the location and the severity of stenosis in order to select the most appropriate treatment and to minimize the worst long-term outcomes in this devastating complication.
Several studies 4 have challenged the sensitivity of noninvasive investigations, such as flow-volume loops, spiral CT, and MRI, in assessing the location and severity of a stenosis. Clinical symptoms and examination are not sensitive in diagnosing tracheal stenosis. 1, 5 Pulmonary function tests are diagnostic only if the diameter of the trachea is reduced by 50%. 1, 4 Routine radiographs of the trachea are not helpful in these cases. 6 Although fiberoptic bronchoscopy allows direct visualization of the proximal end of the stenosis, it is unlikely to be able to assess the diameter and the length of the stenosis because the diameter of the fiberoptic bronchoscope may exceed the diameter of the stenosis. A thoracic CT is useful, but the axial views make it difficult to visualize the contour and the extent of airway injury, and it provides little or no information over plain tomography. 1, 6, 7 Although spiral CT and MRI are extremely helpful in identifying the location and the extent of stenosis, they are not helpful in assessing the mucosal abnormalities that may extend beyond the stenotic lesions that need to be excised for a curative surgical resection. Hence, surgical findings of a tracheal stenosis using a rigid bronchoscope and dilators are probably the most reliable in determining the location and severity of stenosis.
There have been no studies comparing the surgical findings of tracheal stenosis caused by percutaneous tracheostomy (PCT) with surgical tracheostomy (SGT). Our institution, as a national referral center for tracheal surgery, has patients referred for tracheal reconstruction for treatment of tracheal stenosis. Hence, this study was designed to compare surgical findings of tracheal stenosis caused by PCT with those by SGT.
Materials and Methods
Having obtained the approval of local research ethics committee, we conducted a prospective (from 2001 to 2003) and retrospective (from 1993 to 2001) observational study. Patients who underwent tracheostomy (either PCT or SGT) for weaning from mechanical ventilation or for airway management with subsequent development of symptomatic tracheal stenosis, defined as dyspnoea on exertion and/or stridor (Table 1) , were included in the study. Most of these patients had established diagnoses based on clinical presentation (dyspnea, stridor), CT scan or MRI scan, and/or fiberoptic bronchoscopy, which confirmed the presence of tracheal narrowing prior to referral. Age, gender, weight, duration of ventilation, and interval between decannulation and the development of symptoms were recorded from case notes review. We attempted but were unable to record the duration of endotracheal intubation prior to tracheostomy. Patients with two or more tracheostomies, with an unknown type of tracheostomy (PCT or SGT), or with known preexisting tracheal abnormalities prior to tracheostomy (such as tracheal tumor, congenital tracheal abnormality or tracheomalacia after thyroid goiter) were excluded from the study. Patients with more than one period of endotracheal intubation and mechanical ventilation were also excluded from this study.
A single operator (J.K.M.), using a rigid bronchoscope and dilators prior to surgery, obtained surgical findings. The internal diameter of the stenosis was measured with the largest size (in millimeters) of a tracheal dilator passing through the stenotic orifice prior to dilatation. Then the trachea was dilated up to a maximum possible level, and the rigid bronchoscope was passed beyond the stenotic segment up to the level of the carina. The bronchoscope was gradually withdrawn from the carina up to the vocal cords. During this process, the following measurements were made using black silk threads tied on the rigid bronchoscope at the level of the upper central incisors and quantified using a ruler in millimeters: (1) the distance between the carina to the lower level of the stenosis; (2) the length of the stenotic segment of the trachea; (3) the distance between the vocal cords and the upper level of stenosis; and (4) the total length of the trachea from the vocal cords to the carina. This is illustrated in Figure 1 .
During the reconstructive procedure, which was usually a week after rigid bronchoscopic assessment, the operator also examined the shape of the tracheal stenosis, involvement of fractured tracheal rings, or of granulations at the level of stenosis, and distinguished stomal stenosis from nonstomal stenosis. The same operator (J.K.M.) performed all of the tracheal resections in this study. The types of surgical techniques were recorded from the operative record.
The data were tested for normality, and an unpaired t test or Mann-Whitney U test as appropriate were used for statistical analysis. The data were expressed as mean (SD), 95% confidence intervals (CIs), or median (interquartile range); p Ͻ 0.05 was considered statistically significant.
Results
During the study period, 32 patients underwent tracheal resections for the treatment of tracheal stenosis caused by tracheostomy. Three of these patients were found to have nonstomal stenosis (n ϭ 1, around the vocal cords, following PCT; n ϭ 2, around the cuff, one following PCT and another following SGT). Therefore, the data of 29 patients with stoma stenosis caused either by PCT or SGT were analyzed.
Among these 29 patients, 15 patients underwent PCT previously, and 14 patients underwent SGT previously. The general information and surgical findings of individual patients are shown in Table 1 . As shown in Table 2 , the general information was comparable between the two groups: there was no statistical significance between two groups in age, gender, weight, and duration of mechanical ventilation. However, the mean onset of stenosis was significantly shorter in the PCT group compared to the SGT group: 5.0 weeks (95% CI, 5.0 to 6.0) vs 28.5 weeks (95% CI, 12 to 84), respectively (p ϭ 0.009). In the PCT group, the mean upper level of stenosis was significantly closer to the vocal cords compared to the surgical group: 1.6 cm (95% CI, 1.1 to 2.1) vs 3.4 cm (95% CI, 2.3 to 4.8), respectively (p ϭ 0.04). Suprastomal cartilage damage (fracture or devoid) resulting in tracheal wall "caving-in" was a typical surgical finding in the PCT group (Fig 2) , while marked (infra/supra) stomal granulations were frequently seen in the SGT group. The length of stenosis was similar between the two groups. Both groups were found to have a significant degree of stenosis (95% CI, 3.4 to 6.2 mm; 13.6 to 24.8% in diameter) compared with the average diameter of an adult trachea (25 mm). 8 In the PCT group, there were two cases of tracheoesophageal fistula, while there were none in the SGT group. A more complicated surgical technique (partial cricoid resection with mucosal flap) was more frequently used in PCT group (7 of 15 patients) 8, 9 than SGT (1 of 14 patients), although the difference did not reach statistical significance (p ϭ 0.23).
A postoperative follow-up with rigid bronchoscopy was carried out in all 29 patients annually for a consecutive 3 years. The tracheal resection surgery was successful in 28 of 29 cases. One patient required repeated dilatation once during the 3-year follow-up period.
Discussion
In this study, we found that the tracheal stenosis caused by PCT was significantly closer to the vocal cords compared to the SGT: 1.6 cm (95% CI, 1.1 to 2.1) vs 3.4 cm (95% CI, 2.3 to 4.8), respectively (p ϭ 0.04). Suprastomal cartilage damage (fracture or devoid) resulting in tracheal wall "caving-in" was a typical surgical finding in the PCT group, while marked (infra/supra) stomal granulations were frequently seen in the SGT group. A more complicated surgical technique (partial cricoid resection with mucosal flap) was more frequently used in PCT group (7 of 15 patients) than SGT (1 of 14 patients), although the difference did not reach the statistical significance (p ϭ 0.23). We also found that the onset of tracheal stenosis after PCT was significantly shorter than that after SGT: 5.0 weeks (95% CI, 5.0 to 6.0) vs 28.5 weeks (95% CI, 12 to 84 weeks), respectively (p ϭ 0.009). However, we did not find a statistical significance between two groups in the length (p ϭ 0.39) and in the diameter (p ϭ 0.72) of stenosis. This study, using rigid bronchoscopy for evaluating surgical findings of the tracheal stenosis, has demonstrated that tracheal stenosis caused by PCT requiring tracheal reconstruction was subglottic in nature. Our finding supports the findings of Dommerich et al, 10 who reported endoscopic findings in 168 patients who underwent tracheostomy in situ for 10 days to 49 months in rehabilitation centers. They showed that the subglottic narrowing was present in 58% of PCTs compared with 17% of SGTs (p Ͻ 0.001).
In our study, suprastomal cartilage damage resulting in tracheal wall caving-in was a typical surgical finding in the PCT group and absent in the SGT group. These findings were also consistent with results of Dommerich et al, 10 in which approximately 4% vs 0% cartilage fractures in the subglottic area were found in PCT vs SGT groups, respectively. However, we found that marked stomal granulations were frequently seen in the SGT group, and there was no difference in the diameter of stenosis between two groups. In contrast, Dommerich et al 10 demonstrated marked stomal granulations in both groups, and there was markedly increased narrowing of the trachea (Ͼ 50%) in the PCT group (25% of patients) compared with the SGT group (0% of patients). The more reliable method applied in our study, using rigid bronchoscopy with a dilator by a single operator, may have resulted in different outcomes compared to the study by Dommerich et al. 10 A higher puncture site in the anterior tracheal wall can probably account for our observation that the PCT patients had a higher (subglottic) location than those in the SGT group. It is obvious that where the needle is inserted, either in the subglottic area or in the tracheal region, will determine where the stomal stenosis will develop. Interestingly, the reports of Van Heurn et al 11 and Dollner et al 12 show that one third of the PCT punctures were blindly and wrongly inserted in the subglottic space. Therefore, if a stomal stenosis develops, it is more likely to be a subglottic stenosis. The needle should ideally pass between the second and third tracheal rings, although a space one higher or lower may be employed. Dulguerov et al 13 and Ciaglia 14 recommend not only using endoscopy 13 but also using a video camera 14 to locate puncture sites between the second and third tracheal rings. Pretracheal soft-tissue dissection has also been recommended to provide better localization of the tracheal rings. 11 Secondly, cartilage fractures may be also responsible for the subglottic stenosis following PCT. In the studies by Van Heurn et al 11 and Dollner et al, 12 9 of 19 severe tracheal stenoses were found to have tracheal or cricoid cartilage fractures. The characteristic feature of this kind of stenosis is caving-in of the tracheal wall by the fractures protruding into the tracheal lumen, 11, 12, 15 and we observed the same findings in our study. The incidence of cartilage fracture following PCT has been reported as high as 87%, and the majority of these fractures are located in the subglottic region. 11, 12 In contrast, the incidence of cartilage fracture caused by SGT were reported to be as low as 1.7%. 16 Figure 2. Fracture of tracheal cartilage following PCT. The cartilage can be seen protruding into the lumen of the trachea (arrow).
In our study, subglottic stenosis was noted in 11 of 15 patients following PCT, and in 3 of 14 patients following SCT. The incorrect levels of needle puncture and caving-in of the tracheal cartilages might explain this difference predisposing to subglottic stenosis. It is, therefore, important to avoid oblique trachea puncture in order to reduce the incidence of cartilage fractures. By avoiding excessive force and too-large-sized tubes, we may be able to improve long-term outcomes following PCT. 11 The most effective treatment for tracheal stenosis is tracheal resection and primary anastomosis. 17, 18 This technique ensures that patients return to their previous state of health. However, the surgery for tracheal stenosis in the subglottic region can be complex because of the presence of recurrent laryngeal nerve and the external branch of the superior laryngeal nerve in the subglottic area. 19 In our study, we also found that the onset of tracheal stenosis after PCT was significantly shorter than that after SGT: 5.0 weeks (95% CI, 5.0 to 6.0) vs 28.5 weeks (95% CI, 12 to 84 weeks), respectively (p ϭ 0.009). This finding may be associated with the smaller diameter in the subglottic region, which would take a shorter period of time to develop clinical tracheal stenosis.
Suprastomal fracture resulting in caving-in of tracheal cartilages to narrow the tracheal lumen as seen in PCT compared with marked granulations resulting in stenosis as seen in SGT may also shorten the onset. The significant difference in onset of stenosis found in our study may have impacts on our clinical practice. Firstly, what is the ideal duration of follow-up to diagnose tracheal stenosis may depend on the type of tracheostomy. Currently, most authors 4, 20, 21 use a minimum of 3 months for PCT follow-up, and this may be adequate; but this may well have underestimated the incidence of stenosis following SGT. 18 The greater variations in the onset in SGT patients (range, 4 to 306 weeks) may be another factor of underestimating the true incidence of tracheal stenosis after SGT. Secondly, the shorter onset after PCT may make diagnosis followed by correct treatment more timely. In contrast, the prolonged onset after SGT may delay the treatment. In our study, patient 10 in the SGT group was treated for severe asthma for nearly 6 years and failed because the medical history of tracheostomy 6 years ago was completely forgotten in the differential diagnosis. This patient returned to her previous status of health after tracheal resection.
There are several limitations in this study. We attempted but failed to obtain the information on the different techniques in both the PCT and SGT groups because of difficulty in obtaining complete medical records. In addition, we attempted but also failed to obtain the information on duration of endotracheal intubation prior to tracheostomy. Prolonged endotracheal intubation prior to tracheostomy has been shown to be associated with posterior commissure injury caused by pressure of an endotracheal tube. 22 However, our study excluded nonstomal stenosis, which would have excluded stenosis as results of prolonged intubation or cuff-induced stenosis. Furthermore, part of the study was retrospective. Few patients had to be excluded from the study due to information not being available. Also, details on the percentage reduction in transverse diameter of the trachea were not available in many of the radiologic reports.
In conclusion, in this observational study, we found that stenosis caused by PCT occurred earlier and was more subglottic in nature compared to that by SGT. Surgical correction of stenosis was more difficult in the PCT group due to its presentation in the subglottic area.
